application of CPS for traumatic lesions in the subaxial cervical spine in 1994 and have since reported a low complication incidence of 2.2% for CPS fixation in 2000. The surgical indications for this technique have gradually expanded to the management of various kinds of nontraumatic cervical instability as well as the correction of cervical kyphosis.
2,3,5 However, because of the possible risk of neurovascular injury, 4 CPS in the subaxial cervical spine remain controversial for routine use. Although LMS instrumentation has been proven effective in stabilizing the cervical spine with various kinds of pathology, CPS may provide optimal stabilization for an unstable motion segment in cases in which posterior wiring or LMS cannot be applied. 53 Furthermore, CPS may obviate the requirement for anterior-posterior procedures in cases with a high risk of pseudarthrosis or construct failure.
Despite these existing controversies there are no articles directly comparing screw-related complication rates between LMS and CPS techniques. Therefore, in this report we systematically review screw-related complications of LMS and CPS in the subaxial cervical spine based on the available published literature.
Methods
A literature search was performed using the National Center for Biotechnology Information databases using PubMed/MEDLINE and Cochrane Collaboration Library search engines covering the period from January 1950 until January 2012. A search using the key word "lateral mass screw" was performed and returned 540 articles. Studies in the English language were included. Abstracts from these articles were reviewed, and those that discussed clinical outcomes as well as those in which the average patient age was greater than 18 years were retained for more detailed review. Studies evaluating surgeries of the subaxial cervical spine performed using LMS, regardless of the indication for surgery, and reporting complications were included. Studies in which the number of patients who had subaxial cervical spine surgery and the number of screws placed from C-3 to C-7 could not be specified were excluded. In several studies only the data of C3-7 were extracted. If the same author published more than one article with overlap of the included patients, the article that included the greater number of patients and/or screws was included in the analysis. If the same author published more than one article without overlapping of the patients, both studies were included (Table 1) .
In the same way, a search using the key word "cervical pedicle screw" was performed and returned 419 articles. Inclusion and exclusion criteria were the same as for the "lateral mass screw" criteria. Screening included titles, subtitles, and abstracts. Two reviewers independently screened the titles and abstracts of all publications that were obtained by the initial search process. Investigators were contacted and asked to supplement additional data and clarifications when key information was missing from publications.
We extracted data on study characteristics, patient enrollment, and the complications reported. Specifically, the following data were collected: type of study (prospective, retrospective); number of patients who had a subaxial cervical spine fusion in which LMS or CPS were used; number of screws inserted from C-3 to C-7; follow-up period; age; sex; screw trajectory; image methods used for screw placement (fluoroscopy or navigation); uni-or bicortical for LMS; and screw-related complications from C-3 to C-7 (perioperative and late screw-related complications).
Perioperative screw-related complications that were recorded included intraoperative and early postoperative complications. Specific complications in this category that were included were nerve root injury, spinal cord injury (SCI), VA injury, fracture of lateral mass, facet violation, and malposition that required revision or removal. Late screw-related complications included screw loosening, screw pullout, screw breakage, plate/rod breakage, loss of reduction, pseudarthrosis, required revision surgery, and adjacent-segment disease (ASD) requiring surgery. Only complications that were specifically stated as having occurred or not having occurred in the articles were used in the analysis. Complications were not assumed to be absent just because they were not discussed, unless this was confirmed by direct communication with the corresponding authors (Table 1) .
Statistical analysis comparing the complication rates obtained from either technique was performed using a chi-square test with the Yates continuity correction or the Fisher exact test (when at least 1 cell had a count less than 5), and the level of significance was chosen at p < 0.05. The statistical analysis was done using software (Statistica version 8.0, Statsoft, and R 2.14.0).
Results
Our literature search identified 28 possible eligible studies for LMS. Eighteen studies were omitted due to the fact that they did not fulfill the inclusion and exclusion criteria. Therefore, a total of 10 studies were ultimately included in the analysis of LMS. 9, [15] [16] [17] 25, 36, 42, [47] [48] [49] One study was prospective and 9 studies were retrospective. These studies included 766 patients in total, in whom 5328 screws were inserted from C-3 to C-7 ( Table 2) .
Each particular complication of LMS was not reported in all studies ( Table 3 ). The rate of each complication was calculated relative to the number of patients and screws involved. The perioperative complication rates were as follows: nerve root injury, 0.19% per screw and 1.36% per patient; SCI, 0% per screw and 0% per patient; VA injury, 0% per screw and 0% per patient; fractures of lateral mass, 1.62% per screw; facet violation, 0.62% per screw; and malposition requiring revision or removal, 0.38% per screw and 2.64% per patient. Late complication rates were as follows: screw loosening, 1.17% per screw; screw pullout, 1.1% per patient; plate/ rod breakage, 0.28% per patient; loss of reduction, 2.21% per patient; pseudarthrosis, 2.67% per patient; revision required, 2.81% per patient; and ASD requiring surgery, 0.74% per patient (Table 4) . Our literature search identified 28 possible eligible studies for CPS. Sixteen studies were omitted due to the fact that they did not fulfill the inclusion and exclusion criteria. Therefore, a total of 12 studies were ultimately included in the analysis of CPS. 4, 24, 27, 28, 30, [32] [33] [34] 44, 45, 51, 52 One study was prospective, 5 studies were retrospective, and for 6 the type of study was not described. These studies included 661 patients in whom 2668 screws were inserted from C-3 to C-7 ( Table 2) . Fluoroscopy was used in 9 studies, navigation was used in 2 studies, and both fluoroscopy and navigation were used in 1 study.
As with the LMS analysis, each particular complication of CPS was not reported in all studies ( Table 3 ). The rate of each complication was calculated relative to the number of patients and screws involved. Perioperative complication rates were as follows: nerve root injury, 0.31% per screw and 1.24% per patient; SCI, 0% per screw and 0% per patient; VA injury, 0.15% per screw and 0.61% per patient; and malposition requiring revision or removal, 0.29% per screw and 1.1% per patient. Late complications rates were as follows: screw loosening, 0.45% per screw and 1.73% per patient; screw pullout, 0.24% per patient; screw breakage, 1.76% per patient; plate/ rod breakage, 0% per patient; loss of reduction, 1.46% per patient; pseudarthrosis, 0.87% per patient; revision required, 1.03% per patient; and ASD requiring surgery, 1.19% per patient (Table 4) .
When directly comparing the complication rates between LMS and CPS techniques, there were no statistically significant differences in the development of complications for all of the categories analyzed, with the distinct exception of VA injuries, which occurred slightly more frequently among patients with CPS constructs (p < 0.05). Although the use of LMS was associated with a higher rate of screw loosening, screw pullout, loss of reduction, pseudarthrosis, and revision surgery, this finding was not statistically significant (Table 4) .
Discussion

Perioperative Complications
Numerous techniques for placing LMS have been described, including those reported by Jeanneret and colleagues (referred to as the Magerl technique), 21 Anderson et al., 8 An et al., 7 and Roy-Camille et al. 41 Subsequently, many authors have conducted anatomical studies to clarify the safety of each method of screw placement.
10,35,50
In a cadaveric study reported in 1995, Pait et al. 35 divided the lateral cervical mass (articular pillars of the cervical spine) into quadrants and concluded that the superior lateral quadrant was the "safe quadrant" for placing screws. Xu et al. 50 found in 1999 that the potential risk for nerve root violation is lower for the An technique than the Magerl and Anderson techniques. In 2005, using morphological CT scans, Barrey et al. 10 found that the Roy-Camille technique was the best option for C-3 and C-4, whereas the Magerl technique was a safer, although more technically demanding, procedure for C-5 and C-6. The risks of vascular and neural injury with the longer screws could be reduced by placing their tips in the ideal position; the superior-lateral-ventral corner of the lateral mass. 49 
Heller and colleagues
17,19 predicted a maximum 3.6% incidence of nerve root injury using the Roy-Camille and Magerl trajectories, presumably because of the screw length used and more lateral trajectories, respectively. Although LMS can be placed at C-7, the lateral mass at C-7 is somewhat elongated in a rostral-caudal direction and is thinner, so CPS may be more appropriate at C-7. If LMS are to be used at C-7, great care must be taken so as not to insert too long a screw and injure the C-8 nerve root. Nerve root injury by LMS in our study was found to be very low, with a rate of 0.19% per screw. Although no vascular complication by LMS was reported in the current study, it has been documented to occur. Cho et al. 12 reported a case of VA injury by LMS, which was attributed to the use of a long screw. Facet violation can also occur. Some studies reported cases with facet violation, which rate is 0.62% per screw in our study. However, this risk may be minimized by using fluoroscopy.
The use of CPS has been considered to pose a serious potential risk to the surrounding structures. 39 Many surgeons have advocated using CPS in C-2 and C-7 and LMS studies evaluating ops of the subaxial cervical spine using LMS or CPS reporting complications regardless of the indication for op average pt age >18 yrs if the same author published >1 article w/ overlapping of the included pts, the article that included the greater no. of pts &/or screws was included if the same author published >1 article w/o overlapping of the pts, both studies were included English language exclusion studies in which the no. of pts who had subaxial cervical spine ops & the no. of screws placed from C-3 to C-7 could not be specified were excluded case reports inclusion criteria for complications only complications specifically stated in the articles as having or not having occurred were used in the analysis complications were not assumed to be absent just because they were not discussed, unless confirmed by direct communication w/ corresponding authors * Pt = patient. in the C3-6 vertebrae to reduce the risk of neurovascular injury associated with CPS in the smaller C3-6 vertebrae. Normal values for pedicle widths have been established in the subaxial cervical spine. Pedicle widths of the C-3 vertebra average 4.9 mm in males and 4.5 mm in females, with the minimum reported width being 3 mm. 13 The C-4 averages 4.7 mm in males and 4.6 mm in females, with a minimum reported width of 3.1 mm. 13 The pedicle widths of C-5 and C-6 are slightly higher. The significance of this is reflected in the literature. Kast et al. 24 reported that 91% of the CPS in C-6 were correctly placed, compared with only 48% of screws in C-4; the most obvious risk factor for screw misplacement in their series was the level of surgery.
In terms of clinical outcomes in cases in which CPS fixation was used, most series have focused on the incidence of pedicle perforation. The reported incidence of pedicle perforation in the previous studies ranged from 1.1% to 29.8%.
24,34 Some authors have described safer CPS placement when a computer-assisted navigation system is used. In 2003, Kotani et al. 26 reported that the screw misplacement rate was significantly lower in a computerassisted group (1.2%) than in a freehand group (6.7%). Similarly, Richter et al. 37 reported that the rate of pedicle perforations was 3% in the computer-assisted group and 8.6% in the conventional freehand group when using cannulated screws and separate stab incisions.
Although the incidence of lateral pedicle perforation was relatively high in previous studies, the actual cases in which a VA injury was sustained were found to be rare. Reported cases of VA injuries were 1 of 180 cases reported by Abumi et al., 4 1 of 144 cases by Yukawa et al., 52 and 2 of 84 cases by Nakashima et al. 33 In our study, the overall rate of VA injury in procedures performed using CPS was 0.15% per screw and 0.61% per patient, which as predicted was statistically significantly higher than those using LMS. There was no case reported in which SCI occurred in a procedure using CPS, whereas the rate of nerve root injury was 0.31% per screw and 1.24% per patient, which was not found to be significantly different from that of LMS.
Late Complications
Instrumentation with LMS has been proven to be biomechanically stable 14, 18, 31, 43, 46 and effective in stabilizing the cervical spine with various kinds of pathological conditions. 29, 36 Heller et al. 18 have examined the pullout strength of unicortical versus bicortical purchase, and the bicortical screw pullout force was 20% higher than unicortical screw pullout force, although both were deemed acceptable. Seybold et al. 43 reported in a cadaveric study of unicortical and bilateral LMS placement that, although the mean pullout force was higher for the bicortical screws, there was no statistically significant difference between unicortical and bicortical screws. Jones et al. showed a lower load-to-failure resistance for LMS than for CPS; however, there was no difference in pullout strength, bone density, screw length, or vertebral level. In 2002, Merola et al. 31 reported that aiming at the superior-lateral corner of the lateral mass itself offers the maximum amount of bone for screw purchase. Clinically, Pateder and Carbone 36 reported that LMS can be used effectively for different patterns of cervical trauma because they maintain excellent alignment and are associated with minimal complications. In our study, the rate of LMS loosening was 1.17% per screw and that of LMS pullout was 1.1% per patient. The rate of loss of reduction after using LMS was 2.21% per patient and the pseudarthrosis rate was 2.67%.
23
Cervical pedicle screws offer extremely rigid fixation. The pedicles are the strongest structural elements of the cervical vertebrae, as is the case in the thoracic and lumbar spine. The results of a comparative biomechanical study of the cervical spine by Jones et al. 23 provided evidence that CPS had a statistically significantly greater load-to-failure resistance compared with LMS. Johnston et al. 22 also reported that CPS demonstrated a significantly lower rate of loosening at the bone-screw interface, and a higher strength after fatigue testing compared with LMS. Therefore, CPS may be appropriate for conditions that require greater mechanical strength, such as for the correction of kyphotic deformity. Surprisingly, however, Yukawa et al. 52 reported 5 cases with loss of reduction and Nakashima et al. 33 reported 2 cases among patients in whom CPS fixation was used. In our study, the rate of CPS loosening was 0.45% per screw and that of CPS pullout was 0.24% per patient. The rate of loss of reduction using CPS was 1.46% per patient and the pseudarthrosis rate was 0.87% per patient. Interestingly, although the use of LMS was associated with a higher rate of screw loosening, screw pullout, loss of reduction, pseudarthrosis, and revision surgery, this finding was not statistically significant.
Summary
Although our study represents the first series comparing the 2 techniques, there are clear limitations. Whereas CPS appear to be used more commonly outside of North America, in North America LMS are more commonly used, as indicated by the origin of studies included. We cannot comment on the underlying reasons for this, although this may theoretically influence the homogeneity of our comparison groups. To ensure the most accurate possible comparison between the 2 techniques in terms of complications, we limited our series to studies in which the amount of screws placed per level could be determined and also in which the complications could be clearly attributed to the technique. Although this narrowed the number of studies included, we believe that a systematic review with these more stringent inclusion criteria would more accurately reflect the incidence of screw-related complications.
Recently, Coe presented a systematic review of LMS at the Cervical Spine Research Society's meeting (Coe JD, presentation to the Cervical Spine Research Society annual meeting, December 2012). Coe's study was a systematic literature review including all studies available in which LMS fixation was used, and found similar complication rates to those our study revealed, demonstrating that the inclusion criteria for our systematic review provides an accurate assessment of the overall literature, while still allowing us to report on complications per screw inserted. The findings of this review should also be interpreted with caution, because the available literature on CPS primarily reflects the work of experienced surgeons following completion of a steep learning curve. As Yoshimoto et al. 51 reported, the learning curve of CPS and the perforation rate in their study was 12% in the initial 19 cases and was decreased to 7% in the next 18 cases, and to 1.1% in the last 15 cases; thus less experienced surgeons should use such techniques with extreme caution and perhaps with the assistance of more experienced surgeons. Injury to bilateral VAs might cause serious problems such as cerebral infarction or death. When occlusion of the VA on one side is seen preoperatively, the insertion of CPS in the remaining side should be avoided. 52 In such cases, CPS fixation on the occluded side and LMS fixation on the remaining side are recommended.
52
In summary, the results of our study reveal that according to the existing literature, the reported screw-related complication rates of both LMS and CPS are similarly very low, although statistically significantly higher rates of VA injuries were seen in cases treated using CPS. The best tool for providing safe and accurate screw placement is the spine surgeon's intimate knowledge of cervical anatomy. 52 In addition, preoperative evaluation is critical regardless of technique. Thus, based on the available literature, it appears that as long as the surgeon has sufficient expertise and adequate preoperative evaluation has been performed, spine surgeons may select either procedure. Higher-quality studies are clearly needed with direct comparison between the 2 techniques to better answer this question.
Conclusions
The following conclusions can be drawn. 1) The complication rate of LMS and CPS in the subaxial cervical spine was reviewed based on the previous literature. These rates can be used as a database for comparison in future studies. 2) Vertebral artery injuries were statistically significantly higher with the use of CPS relative to LMS in the subaxial cervical spine. Although the use of LMS was associated with a higher rate of screw loosening, screw pullout, loss of reduction, pseudarthrosis, and revision surgery, this finding was not statistically significant. 3) Surgeons need to have an intimate knowledge of cervical anatomy and adequate preoperative evaluation for each patient, with selection of either procedure in appropriate cases a reasonable option.
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